ABSTRACT: Magnetic poly(vinyl alcohol) (mPVAL) gel beads (150-200 mm in diameter) carrying Procion Blue MX-3G (122 mmol/g) were used for the removal of different amounts (50-650 mg/l) of Hg(II) ions from aqueous solutions. The mPVAL gel beads were characterized by swelling tests, electron spin resonance (ESR), elemental analysis and scanning electron microscopy (SEM). The swelling ratio of the mPVAL gel beads, which had a spherical shape and porous structure, was 76%. The presence of magnetite particles in the polymeric structure was confirmed by ESR spectroscopy. The capacity of the beads towards Hg(II) ions increased with time during the first 10 min of adsorption and then levelled off towards an equilibrium adsorption capacity. The adsorption of Hg(II) ions on the plain beads was very low (0.57 mg/g) but increased substantially (to 69.2 mg/g) on beads to which Procion Blue MX-3G had been attached.
INTRODUCTION
The contamination of water by heavy metal ions is an increasingly serious health and ecological problem due to the toxic effects of such ions at very low concentrations (Rapsomanikis and Craig 1991) . When mercury (one of the most dangerous heavy metals) is introduced into the natural environment from a variety of sources, it is converted into a more toxic form, e.g. methylmercury chloride, by living aquatic organisms where it accumulates in the tissues of fish and birds (Garcia et al. 1994) . The illness known as Minamata disease arose from mercury poisoning caused by eating contaminated fish (D'Itri and D'Itri 1977) . Mercury has a very high tendency to bind to proteins and mainly affects the renal and nervous systems (Lai et al. 1993) . The initial symptoms in humans include numbness of the lips and limbs. As the sickness progresses, permanent damage is caused to the central nervous system and the victim experiences visual constriction, loss of motor coordination and, in the final stages prior to death, loss of memory, speech, hearing and taste.
For these reasons, mercury must be reduced to very low levels in wastewater generated by industries *Author to whom all correspondence should be addressed. E-mail: denizli@hacettepe.edu.tr.
such as metal smelting, caustic chlorine production in mercury cells, metal processing, plating and metal finishing. Such effluents require chemical treatment before they can be discharged and different techniques have been developed to remove either or both dissolved and suspended heavy metal ions from industrial waters and wastewaters. A number of traditional treatment techniques include precipitation/neutralization, ultrafiltration, reverse osmosis, electrodeposition, solvent extraction, foam-flotation, cementation, complexation/sequestration, filtration and evaporation (Peters and Ku 1985) . The need to reduce the amount of heavy metal ions in wastewater streams has led to an increasing interest in selective adsorbents (Lee et al. 1975; Howard and Arbab-Zavar 1979) . The development of magnetic adsorbents promises to solve many of the problems associated with chromatographic separations in packed beds and in conventional fluidized bed systems (Fee 1996) . Magnetic adsorbents combine some of the best characteristics of fluidized beds (low pressure drop and high feed-stream tolerances) and of fixed beds (absence of particle mixing, high masstransfer rates and good fluid-solid contacts) . There has been increased interest recently in the use of magnetic adsorbents in heavy metal removal (Burns and Graves 1985) . Magnetic adsorbents can be produced using inorganic materials or a number of synthetic and natural polymers. High mechanical resistance, insolubility and excellent shelf life make inorganic materials ideal as carriers. However, the main disadvantage of inorganic supports is the limited number of functional groups they possess for complexation with metal ions. Magnetic supports can be porous or non-porous (Halling and Dunhill 1980) and are more commonly manufactured from polymers since these have a variety of functional groups which can be tailored for use in specific applications. Poly(2-hydroxyethyl methacrylate), polyvinylbutyral, poly(ethylene glycol), poly(vinyl alcohol), polyacrylamide, poly(methyl methacrylate) and alginate are typical polymeric carriers which have been used in different applications (Takahashi et al. 1987; Chetty and Burns 1991; Cocker et al. 1997; Denizli et al. 1998 Denizli et al. , 2000a Arica et al. 2000; Odabasi and Denizli 2001) .
In this study, we have employed Procion Blue MX-3G-attached mPVAL gel beads for the removal of Hg(II) ions from aqueous solution. Thus, swellable mPVAL gel beads were first prepared by crosslinking mPVAL, following which Procion Blue MX-3G was attached covalently as a dyemetal complexing ligand for Hg(II) ions. The applicability of such Procion Blue MX-3G-attached gel beads in the adsorption/desorption of Hg(II) ions is discussed below.
EXPERIMENTAL Reagents
Poly(vinyl alcohol) (PVAL, MW 50 000) was purchased from the Aldrich Chemical Company (USA) and used as received. Tween 20 and glutaraldehyde were obtained from the Sigma Chemical Company (USA) while Procion Blue MX-3G was supplied by BDH Ltd. (UK). All other chemicals were of analytical purity and were purchased from Merck AG (Germany). All water used in the experiments was purified using a Barnstead (Dibuque, IA, USA) ROpure LP Ò reverse osmosis unit with a high flow cellulose acetate membrane (Barnstead D2731) followed by a Barnstead D3804 NANOpure Ò organic/colloid removal and ion-exchange packed-bed system. The resulting purified water (deionized water) had a specific conductivity of 18 MW/cm.
Preparation of magnetic PVAL gel beads
The magnetic PVAL gel beads were prepared by the chemical crosslinking of PVAL using a dispersion medium comprised of corn oil (80 ml) containing Tween 20 (20 mg/ml) and 1-butanol (20 ml). The medium was transferred to a 250 ml round-bottomed two-necked flask fitted with a glass paddle stirrer and the system placed in a water bath maintained at 50ºC and stirred at 700 rpm. Then 40 ml of PVAL solution (10 w/v%) containing 0.5 g magnetite (Fe 3 O 4 ) was introduced into the dispersion medium and, after allowing 10 min for equilibrium to be attained, glutaraldehyde solution (1.0 ml, 25 w/v%) and concentrated hydrochloric acid solution (0.6 ml, 37 w/v%) were added to the final mixture. The crosslinking reaction was maintained at 50ºC for 1 h when the prepared mPVAL gel beads were filtered under suction, washed first with ethanol (50 w/v%) then several times with hot and cold distilled water, and finally dried in a vacuum oven at 25ºC.
Procion Blue MX-3G-attached mPVAL gel beads
The following procedure was applied for the attachment of Procion Blue MX-3G on to the mPVAL gel beads. First 100 ml of a solution containing 500 mg Procion Blue MX-3G was poured into 50 ml distilled water containing 10 g of the mPVAL gel beads and 5.0 g NaOH added. This mixture was then heated in a sealed reactor for 4 h at 80ºC at a stirring rate of 400 rpm. Under these circumstances a chemical reaction occurred between the -Cl groups of Procion Blue MX-3G and the hydroxy groups of the mPVAL gel beads, leading to the elimination of HCl and the covalent attachment of Procion Blue MX-3G to the mPVAL. Any chlorine atoms remaining in the dye structure after the coupling reaction were converted to hydroxy groups by incubating the mPVAL gel beads for 3 d at room temperature at a pH value of 8.5 or to amino groups by treating with 2 M NH 4 Cl for 4 h at room temperature at the same pH value. The final Procion Blue MX-3G-attached mPVAL gel beads were washed several times with distilled water and methanol until all the physically adsorbed dye molecules had been removed.
Leakage of Procion Blue MX-3G from the dye-attached mPVAL gel beads was investigated at different pH values in the range 3.0-7.0. It should be noted that these values were the same as those employed in the Hg(II) ion adsorption experiments described below. Such leakage was also determined at a pH value of 1.0 in a solution containing 0.1 M HNO 3 , i.e. the medium used for the Hg(II) ion desorption experiments. The medium containing the Procion Blue MX-3G-attached mPVAL gel beads was incubated for 24 h at room temperature, the gel beads then removed from the medium and the Procion Blue MX-3G concentration in the supernatant measured spectrophotometrically at 630 nm.
Characterization of mPVAL gel beads

Swelling tests
The water uptake properties of the mPVAL and Procion Blue MX-3G-attached mPVAL gel beads were determined volumetrically. Thus, a known amount (100 mg) of the dry gel beads were placed in two cylindrical glass tubes and the top level of the beads marked. The tubes were then filled with distilled water and the gel beads allowed to swell at room temperature. The height of the beads was marked periodically (i.e. after each 30 min), this height being used to calculate the swelling ratio from the formula:
( 1) where h swollen is the height of the swollen gel beads and h dry the height of the dry beads.
Magnetic estimation
The degree of magnetism of the mPVAL gel beads in a magnetic field was measured using a vibrating-sample magnetometer (Princeton Applied Research, model 150A, USA) while the presence of magnetite particles (i.e. Fe 3 O 4 ) in the polymeric structure was investigated by means of electron spin resonance spectroscopy using a Varian EL 9 spectrometer.
Scanning electron microscopy
The surface morphology of the mPVAL gel beads was observed in a scanning electron microscope (JEOL, JEM 1200EX, Tokyo, Japan). For such studies, the mPVAL beads were dried at room temperature and coated with a thin gold layer (ca. 100 Å thickness) in a vacuum and photographed in the electron microscope at a magnification of 1000×. The particle size was determined by measuring at least 100 gel beads on the photomicrographs thus obtained.
Elemental analysis
The amount of Procion Blue MX-3G molecules covalently attached to the mPVAL beads was calculated from elemental analysis of the dried gel beads via a Leco CHNS-932 (USA) elemental analysis device.
FT-IR spectroscopic studies
FT-IR spectra of the mPVAL and Procion Blue MX-3G-attached mPVAL gel beads were obtained using an FT-IR 8000 Series spectrophotometer (Shimadzu, Japan). For such purposes, the dry beads (ca. 0.1 g) were thoroughly mixed with KBr (0.1 g, IR grade, Merck, Germany) and pressed into tablet form before recording the corresponding spectrum.
Adsorption measurements
The adsorption of Hg(II) ions from aqueous solutions was investigated using batch experiments, with the effects of the initial Hg(II) ion concentration and the pH of the medium on the adsorption rate and capacity being studied. Thus, 20 ml of aqueous solutions containing different amounts of Hg(II) ions in the range 50-700 mg/l were incubated at room temperature with 100 mg adsorbent (both plain and Procion Blue MX-3G-attached mPVAL beads) at different pH values in the range 3.0-7.0, the pH values being adjusted through the addition of appropriate amounts of HCl or NaOH and the flasks containing the mixtures stirred magnetically at 100 rpm. The Hg(II) ion solutions were made by dissolving HgCl 2 in deionized water. After allowing sufficient time to attain equilibrium, the solutions were centrifuged and the supernatant removed and analyzed for its remaining Hg(II) ion content using an atomic absorption flame spectrophotometer (AAS, Shimadzu model AA-6800) equipped with an MVU-1A mercury vapour unit. Deuterium background correction was applied and the spectral slit width was 0.5 nm. The working current/wavelength values and the optimized experimental conditions were as follows: working current/wavelength, 6 mA/253.6 nm; KMnO 4 concentration, 0.5 w/v%; H 2 SO 4 concentration, 5 w/v%. The instrument response was checked periodically using standard solutions of metal ions.
Standard statistical methods were used to determine the mean values and standard deviations for each set of data reported. Confidence intervals of 95% were calculated for each set of samples in order to determine the margin of error in the experimental results. Adsorption values (mg/g) were calculated as the difference between the mercury content in the initial and final solutions divided by the dry weight of gel beads employed. All glassware and plasticware were cleaned with RBS detergent (Pierce, Rockford, IL, USA) and rinsed with distilled water to eliminate contamination errors.
To determine the regeneration of Procion Blue MX-3G-attached mPVAL gel beads, consecutive adsorption/desorption cycles were repeated five times using the same adsorbent. The desorption of Hg(II) ions was achieved using 1 M HNO 3 solution, Procion Blue MX-3G-attached mPVAL gel beads loaded with Hg(II) ions being placed in this desorption medium and stirred at 100 rpm at room temperature for 60 min. The final concentration of Hg(II) ions in the aqueous phase was determined by AAS methods and the desorption ratio calculated from the amount of Hg(II) ions adsorbed on the gel beads and the final Hg(II) ion concentration in the desorption medium.
RESULTS AND DISCUSSION
Characteristics of mPVAL beads
The mPVAL gel beads used in this study were rather hydrophilic and possessed crosslinked structures, i.e. they were hydrogels. The incorporation of water into hydrogels weakens the secondary bonds within their structure, thereby enlarging the distance between the polymer chains and causing the uptake of water. The equilibrium water uptake ratio for the mPVAL gel beads was 76 w/w%. It should be mentioned that the water uptake properties of the mPVAL gel beads did not change after Procion Blue MX-3G attachment and that such attachment appeared to have a negligible effect on the swelling ratio of these magnetic gel beads.
The surface morphology and internal structure of the mPVAL gel beads are demonstrated by the photomicrographs depicted in Figure 1 . These clearly indicate that the magnetic gel beads were spherical in form with a rough surface caused by abrasion of the magnetite crystals (diameter < 0.1 mm) during the polymerization process. The presence of pores within the gel bead surface is also clearly visible in these photomicrographs. It may therefore be concluded that, in the dry state, the mPVAL gel beads possessed a porous interior surrounded by a reasonably rough surface, the roughness of the surface leading to an increased surface area. In addition, the pores in the surface should reduce diffusional resistance and facilitate mass transfer thereby providing higher dye coupling and enhancing the capacity of the beads towards the removal of Hg(II) ions.
The presence of magnetite particles in the polymeric structure was confirmed by electron spin resonance (ESR) spectroscopy, the corresponding spectrum showing the intensity of the magnetite peak against the magnetic field (gauss) being depicted in Figure 2 . The application of an external magnetic field may generate an internal magnetic field in the sample which will add to or subtract from the external field. The local magnetic field generated by the electronic magnetic moment will add vectorially to the external magnetic (H ext ) to give an effective field (H eff ), i.e.
As seen in Figure 2 , the mPVAL gel beads exhibited a relative intensity of 400, indicating that the polymeric structure exhibited a local magnetic field because of the magnetite contained within that structure.
The g-factor given in Figure 2 should be considered a quantity characteristic of molecules in which unpaired electrons are located and may be calculated from equation (2). Measurement of the g-factor for an unknown signal can provide a valuable aid in identifying the origin of that signal. Values for the g-factor associated with Fe 3+ (low-spin and high-spin complexes) quoted in the literature lie in the ranges 1.4-3.1 and 2.0-9.7, respectively (Pearson 1963). The corresponding g-factor determined for the mPVAL structure was 3.5. The figure also allows determination of the magnitude of the external magnetic field at resonance, H r , the value obtained indicating that 2250 G was sufficient to excite all the dipole moments present in 1.0 g mPVAL sample. Figure 3 depicts the magnetic behaviour of the polymeric structure expressed in electron mass units (EMU), showing the behaviour of the magnetic gel beads in a magnetic field as determined using a vibrating magnetometer. Together with the data obtained from Figure 2 , this plot provides an important design parameter for a magnetically stabilized fluidized bed or for magnetic filtration using these particular magnetic gel beads. The value of the magnetic field required to stabilize a fluidized bed is a function of the flow velocity, particle shape, size, size distribution and magnetic susceptibility of the gel beads. According to literature reports (Ansell and Mosbach 1998; Wang et al. 1997) , this value changes from 8 kG to 20 kG depending on the application concerned; thus, magnetic PVAL gel beads will need less magnetic intensity in a magnetically stabilized fluidized bed or for a magnetic filter system. Experiments to estimate the leach of iron (if any) from the prepared mPVAL gel beads were conducted in three different kinds of media including acetic acid solution (50 v/v%, pH 2.0), phosphate buffer solution (pH 7.0) and sodium citrate/NaOH buffer solution (pH 12.0). No measurable release was observed in all these media.
Procion Blue MX-3G is a dichlorotriazine dye ligand (Figure 4 ) containing three acidic sulphonate groups, four amino groups and one triazine ring. The binding of heavy metal ions to these molecules occurs especially through the oxygen, sulphur and nitrogen atoms. FT-IR spectra of both mPVAL and Procion Blue MX-3G-attached mPVAL gel beads exhibited a stretching band characteristic of hydrogen-bonded alcohol, O-H, at ca. 3500 cm -1 (see Figure 5 ). However, it will be seen from this figure that the spectrum of Procion Blue MX-3G-attached mPVAL exhibited some absorption bands that differed from those for mPVAL. These occurred at 3390 cm -1 , 1585 cm -1 and 1282 cm -1 being characteristic of N-H stretching, conjugated C=N and aromatic C-N vibrations, respectively, which were also observed in the spectrum of the unattached ligand molecule. Figure 4 also shows that the FT-IR spectrum for Procion Blue MX-3G-attached mPVAL exhibited a sharp shoulder absorption band at ca. 3500 cm -1 which may be interpreted as the N-H absorption. However, bands at 1080 cm -1 and 1160 cm -1 corresponding to the symmetric and asymmetric stretching, respectively, of the S=O group brought about by the attachment of the Procion Blue MX-3G molecule to mPVAL are actually absent from the spectrum of the latter because of overlap with some absorption bands for the uncoordinated mPVAL molecule which also occur in the same spectral region. Thus, despite the fact that the absorption band intensities for dye-attached mPVAL are higher than those for the plain mPVAL molecule in this region, the intensity increase was quite small because of the low concentration of the dye molecule on the polymeric surface. In contrast, the intensity of the hydrogen-bonded alcohol O-H stretching band in the spectrum of plain mPVAL is higher than that of the corresponding band in the spectrum of the Procion Blue MX-3G-attached mPVAL gel beads. This reflects the loss of -OH groups from the polymeric structure as a result of their involvement in condensation reactions with the -Cl groups of Procion Blue MX-3G.
Elemental analyses based on the nitrogen and sulphur stoichiometry of plain and dye-attached mPVAL showed that the attachement of Procion Blue MX-3G amounted to 0.122 mmol/g. Studies of the possible leakage of dye from the modified mPVAL molecule demonstrated that no such leakage occurred during either the adsorption or desorption stages, indicating that the washing procedure used for the removal of physically adsorbed Procion Blue MX-3G molecules from the mPVAL gel beads was satisfactory.
Adsorption of Hg(II) ions
Adsorption kinetics
The adsorption kinetic properties of Hg(II) ions by the Procion Blue MX-3G-chelated gel beads are important since they enable an assessment of the suitability of this magnetic material as an adsorbent in a through-flow column. Figure 6 shows the adsorption rates of Hg(II) ions on to the Procion Blue MX-3G-attached mPVAL gel beads from aqueous solutions containing different amounts of Hg(II) ions (in the range 100-400 mg/l) at a constant pH of 6.0. It will be seen that Hg(II) ion adsorption increased with time during the first 10 min and then levelled off towards an equilibrium adsorption capacity. In addition, the adsorption of Hg(II) ions was quite fast especially when their concentration in solution was high. This was due to the high complexation rate between Hg(II) ions and the dye molecules attached to the surface of the mPVAL gel beads. Mass-transfer limitations were also overcome by the high driving force provided by the concentration difference between Hg(II) ions in the liquid and solid phases, particularly at high Hg(II) ion concentrations. It should also be mentioned that adsorption was not a diffusion-controlled process since the rate appeared to be fast for Hg(II) ions for all concentrations studied.
Data for the adsorption kinetics of heavy metal ions by various adsorbents have shown a wide range of adsorption rates. Thus, Konishi et al. (1993) studied the recovery of cadmium by biopolymer gel particles of alginic acid and reported high adsorption rates in which equilibrium was achieved in ca. 60-90 min. Reed and Matsumoto (1993) reported 6 h as a short equilibrium time in their cadmium adsorption studies in which they used activated carbon as the adsorbent. Sarkar et al. (1996) studied the effect of shaking time on the adsorption of heavy metals on silica and reported an equilibrium time of 2 h. Shreedhara-Murthy and Ryan (1982) investigated the adsorption of mercury, copper, cadmium, lead and uranium ions on cellulose-dithiocarbamate resins and reported that the adsorption rates were very slow. Egawa et al. (1987) studied uranium ion adsorption on to polyacrylonitrile fibres containing amidoxime groups and reported 7 h as the equilibrium adsorption time.
Several parameters determine the adsorption time, such as the stirring rate (or flow) in the aqueous phase, the structural properties of the adsorbent (e.g. surface area and topography, porosity, swelling degree), the amount of adsorbent employed, the properties of the ion (e.g. hydrated ionic radius, coordination complex number), the initial concentration of the heavy metal ions, the chelate formation rate between the ligand and the metal ions, and the existence of other metal ions in the aqueous solution capable of competing with the metal ions of interest for the same active binding sites. For these reasons, it is too difficult to compare the adsorption rates reported directly. However, those obtained with the Procion Blue MX-3G-attached mPVAL gel beads discussed in this study appear to be quite good. Figure 7 shows the effect of the initial concentration of Hg(II) ions on the adsorption capacity of the Procion Blue MX-3G-attached mPVAL gel beads. It should be noted that the non-specific adsorption of Hg(II) ions on to the plain gel beads was low, i.e. ca. 0.57 mg/g. Since there were no ion-exchange or metal chelating groups associated with the mPVAL gel beads, such non-specific adsorption may be due to the unmodified hydroxy groups on the bead surfaces.
Adsorption capacity Effect of the initial concentration of Hg(II) ions:
It will be seen from Figure 7 that the Hg(II) ion adsorption capacity of the Procion Blue MX-3G-attached mPVAL gel beads initially increased with increasing concentration of Hg(II) ions in the aqueous phase, then reached a plateau value at an initial Hg(II) ion concentration of ca. 400 mg/l which represents saturation of the active binding sites available for Hg(II) ion adsorption on the dye molecules associated with the gel beads. The maximum Hg(II) ion adsorption capacity was 69.2 mg/g. The Langmuir adsorption isotherm model was found to be suitable for interpreting Hg(II) ion adsorption by the Procion Blue MX-3G-attached mPVAL gel beads. This isotherm may be expressed as: Q = Q max bC eq /(1 + bC eq )
where Q is the concentration of adsorbed Hg(II) ions on the adsorbent (mg/g), C eq is the equilibrium Hg(II) ion concentration in solution (mg/l), b is the Langmuir constant (l/mg) and Q max is the maximum adsorption capacity (mg/g). This equation may be expressed in a linear form as:
From a plot of 1/C eq versus 1/Q it is possible to obtain an intercept equal to 1/Q max and a slope of 1/(Q max b) (Figure 8 ), giving the maximum adsorption capacity, Q max , for the adsorption of Hg(II) ions by the Procion Blue MX-3G-attached gel beads as equal to 125 mg/g and a Langmuir constant equal to 2.5 × 10 -3 mg/l. A value of 0.997 for the correlation coefficient (R 2 ) for this system demonstrated the applicability of the Langmuir adsorption model.
A wide variety of polymers having a range of adsorption capacities for Hg(II) ions has been reported. Thus, Denizli et al. (2000a) introduced amine functional groups on to magnetic poly(methyl methacrylate) microbeads for heavy metal ion removal and obtained 30.1 mg Hg(II) ion/g dry polymer. Shah and Devi (1996) used a dithizone-anchored poly(vinyl pyridine) support and reported a specific mercury adsorption capacity up to 144 mg/g. Liu et al. (1990) et al. (1999) investigated the biosorption of inorganic mercury on to the dry biomass of Phanerochaete chrysosporium and achieved an adsorption capacity of 61 mg/g biomass. All these various values indicate that the new magnetic polymeric adsorbent reported in this study seems to be promising for the removal of Hg(II) ions from aqueous media.
Effect of the pH value:
The adsorption of heavy metal ions by resins is strongly dependent on the pH of the aqueous phase (Konishi et al. 1993) . In the absence of complexing chemical substances, the precipitation of the heavy metal ion is affected by the concentration. As discussed in the literature (Sarkar et al. 1996) , precipitation of Hg(II) ions becomes significant at pH 8.0. Both the theoretical and experimental curves showed that precipitation begins above this pH value, which also depends on the concentration of Hg(II) ions in the medium. In the present study, in order to establish the effect of pH on the adsorption of Hg(II) ions on to the Procion Blue MX-3G-attached mPVAL beads, the batch adsorption studies were repeated at different pH values in the range 3.0-7.0. Figure 9 shows the effect of pH on the specific adsorption (i.e. adsorption by chelation with the dye molecules attached to the mPVAL gel beads) of Hg(II) ions and shows that the adsorption of Hg(II) ions increased with increasing pH to reach a virtual plateau value at ca. pH 6.0. The Procion Blue MX-3G-attached mPVAL gel beads exhibited a low affinity for Hg(II) ions under acidic conditions (pH < 5.0), a somewhat higher affinity over the pH range 5.0 < pH < 6.0 and an increase in adsorption above pH 5.0. Increasing pH of the solution favoured complex formation between the dye molecules and Hg(II) ions. The specific adsorption of Hg(II) ions via the dye molecules, which was pH-dependent, was much higher (up to 38.7 mg/g) than the non-specific adsorption.
Regeneration
Since magnetic adsorbent technology allows the use of magnetic processing for the rapid and selective removal of heavy metal ions from aqueous solution, the subsequent regeneration of the selective adsorbents is also an important process both from the viewpoint of the recovery of the adsorbed metal ions and also the subsequent re-use of the adsorbent. In the present study, recovery of the adsorbed Hg(II) ions was studied using a batch experimental set-up. Thus, the Procion Blue MX-3G-attached mPVAL gel beads loaded (at pH 6.00) with Hg(II) ions were placed in a desorption medium containing 1 M HNO 3 and the amount of Hg(II) ions desorbed within 5 min measured. The desorption ratio was then calculated using the difference. Since the resulting desorption ratio was high (up to 95%), the results obtained indicated that regeneration by such means was feasible since the chelate-forming reactions between the attached dye molecules and the Hg(II) ions were weaker at lower pH values. It should be pointed out that adsorption is completely reversible in dyeaffinity metal-chelated affinity systems since the adsorption capacity of the recycled Procion Blue MX-3G-attached mPVAL gel beads was still maintained at a 94% level even after the fifth cycle.
CONCLUSIONS
Magnetic PVAL gel beads carrying Procion Blue MX-3G were used for the adsorption/desorption of Hg(II) ions from aqueous solutions under different experimental conditions. High adsorption rates were observed at the beginning of the adsorption process, followed by plateau values (i.e. adsorption equilibrium) that were gradually attained in ca. 10 min. The maximum Hg(II) ion adsorption capacity of the Procion Blue MX-3G-attached mPVAL gel beads was 69.2 mg/g. The amounts of Hg(II) ions adsorbed increased with increasing pH and reached a plateau value at ca. pH 6.0. Desorption was performed using 0.1 M HNO 3 with very high desorption ratios up to 95% being achieved. It may be concluded from the results presented that Procion Blue MX-3G-attached mPVAL gel beads may be employed effectively for the specific removal of Hg(II) ions from aqueous solutions.
